Background. Noroviruses are a highly transmissible and major cause of nosocomial gastroenteritis resulting in bed and hospital-ward closures. Where hospital outbreaks are suspected, it is important to determine the routes of spread so that appropriate infection-control procedures can be implemented. To investigate a cluster of norovirus cases occurring in children undergoing bone marrow transplant, we undertook norovirus genome sequencing by next-generation methods. Detailed comparison of sequence data from 2 linked cases enabled us to identify the likely direction of spread.
previous study, almost half of all norovirus cases in a hospital in the Netherlands were estimated to be hospital acquired [5] . In the absence of therapeutic or preventative options, control of norovirus outbreaks relies on the implementation of infection prevention and control policies including hand washing, environmental cleaning, and exclusion of infected patients. This can result in bed, ward, and institutional closure, with a consequent loss of capacity and significant cost. It has been estimated that 65% of the annual cost of infectious gastroenteritis to the UK National Health Service, approximately £115 million, is attributable to norovirus outbreaks [2] . Classical symptoms of norovirus infection include fever, violent vomiting, and diarrhea. Consequently, environmental contamination is common, and this, together with the low infectious dose [6, 7] , high environmental stability [8, 9] , and long-term shedding in immunocompromised patients [10] , contributes to the ongoing problem of norovirus within healthcare settings.
Norovirus (of the family Caliciviridae) is a single-stranded RNA virus with a genome (7500 nucleotides) typically comprising 3 open reading frames (ORFs). ORF1 encodes a nonstructural polyprotein that includes an RNA-dependent RNA polymerase (RdRP), and ORF2 encodes the major capsid protein VP1. The major capsid protein comprises 2 regions, the shell and protruding domains, with the latter subdivided into the P1 and P2 regions. P2 represents the most exposed domain of the protein and contains histo-blood group antigen (HBGA) binding sites as well as the major antigenic determinants of the capsid [11] [12] [13] . ORF3 encodes a protein that is required for viral replication [14] . Noroviruses are classified into 5 genogroups, of which only GI, GII, and GIV infect humans, each of which is further divided into multiple genotypes. Globally, GII.4 is currently the most prevalent genotype, responsible for approximately 60% of norovirus outbreaks [15, 16] .
When a cluster of hospital-acquired infections occurs, identification of the sources and routes of nosocomial transmission is required to inform implementation of appropriate infection prevention and control procedures. Here, using next-generation sequencing (Roche 454), we investigate a cluster of norovirus infections that occurred in immunocompromised bone marrow transplant (BMT) patients in a UK hospital in 2010. Unlike Sanger sequencing, which is commonly used to type norovirus infection, next-generation sequencing yields information about the total viral population within an infected individual, and the direction of transmission may be identified by comparing the viral alleles in patients linked by infection.
METHODS

Patients
BMT patients with diarrhea were investigated for infectious and noninfectious causes. All patients were nursed in positive pressure protective isolation cubicles. Beyond routine investigation for bacterial causes of diarrhea, stool samples were examined weekly, by electron microscopy, for the presence of viral particles. Gut biopsy to look for graft-vs-host-disease was performed in cases of unexplained chronic diarrhea. Five BMT patients with congenital immunodeficiency syndromes were identified as norovirus positive following the introduction of a multiplex 1-step diagnostic reverse transcription PCR to target GI [17] and GII [18] . Sampling times, onset of symptoms, and ward location are shown in Figure 1A ( patient C was sampled at admission). Information on symptoms among staff and family was collected by the infection control team. Environmental swabbing and PCR for norovirus is carried out when epidemiologic investigations suggest transmission on the ward and evidence is sought to demonstrate a possible environmental reservoir and monitor the cleaning and control processes.
Reverse Transcription and PCR
Viral RNA was extracted from 10% (vol/vol) stool suspensions using the Qiagen BioRobot MDx automated workstation. RNA from each stool sample was reverse transcribed using random hexamers and Invitrogen SuperScript III reverse transcriptase.
Norovirus complementary DNA (cDNA) was amplified using 22 published [19] overlapping PCR primer sets optimized to cover the full genome (Supplementary Table 1A and 1B). Each reaction consisted of 0.2 μL high-fidelity KOD polymerase (Merck), 2 μL 10 × KOD buffer, 200 μM deoxyribonucleotide triphosphate, 1.2 μL magnesium sulfate, 1.5 μM of primer pair, and 2 μL cDNA. Following denaturation at 95°C for 2 minutes, each reaction underwent 40 cycles of denaturation at 95°C for 20 seconds, annealing at 50°C for 10 seconds, and extension at 70°C for 40 seconds, followed by a final extension at 70°C for 5 minutes. Amplicons were purified with the Illustra GFX PCR DNA and Gel Band Purification Kit using the manufacturer's instructions. Large (600-1100 bp) and small (300-600 bp) amplicons were pooled separately, with the former sheared mechanically to generate 500-bp fragments. Amplicons from a single sample were tagged with a unique sequence identification to allow multiplex sequencing.
Sequence Assembly and Analysis
Contigs were assembled de novo using Newbler (Roche) and aligned across a reference genome (GenBank accession number GU325839) using MUMmer [20] . Each read-set was realigned against the de novo sequence using SMALT (http://www. sanger.ac.uk/resources/software/smalt; accessed 6 March 2013) to correct for errors, and pileup files were generated using SAMTools [21] . Consensus sequences were called with the QUASR (http://sourceforge.net/projects/quasr/; accessed 24 September 2012) module "pileup Consensus" and a 50% frequency threshold (ie, no ambiguities were included). Fullgenome Sanger sequencing of samples B (day 34) and E (day 30) was carried out to confirm the de novo mapping.
Consensus sequences were aligned using MAFFT version 6 [22] and Bayesian phylogenetic trees generated by BEAST version 1.7 [23] under a general-time-reversible model of nucleotide substitution with gamma-shaped rate variation and a proportion of invariable sites (chosen using jModeltest version 0.1.1 [24] ). The Markov chain Monte Carlo algorithms were run for 25 000 000 iterations with a thinning of 1000 and checked for convergence (an effective sample size of at least 200 for all parameters). TreeAnnotator version 1.7 (http://beast.bio. ed.ac.uk/TreeAnnotator; accessed 13 May 2013) was used to obtain the tree with the highest clade credibility.
Identification of Transmission
During transmission, only some of the alleles within the donor viral population will establish a new infection in the recipient. Here a minor allele, one that occurs in less than half of the viral genomes, from the donor may by chance become the major allele in the recipient [25] . By comparing allelic data between patients who are linked by the same infection (as shown by a phylogeny), we can trace the direction of transmission in a cluster of linked infections. Variant profiling for each dataset was performed using VarScan version 2.2.11 [26] with the following parameters: basecall quality ≥20, read depth ≥50, reads supporting minor allele ≥2. Variant calls showing directional strand bias ≥0.85 were flagged for manual inspection.
RESULTS
Patient Characteristics
The underlying medical conditions and drug treatment of the patients are shown in Table 1 . At the time of sampling, all patients had diarrhea but no vomiting. Patients A, B, D, and E had never previously been nursed on the same ward. Patient A was transferred to ward 1 one week before the onset of symptoms. None of the staff reported symptoms of norovirus infection, although one of patient B's relatives gave a history of having developed mild diarrhea around the same time as patient A.
Phylogenetic Analyses
Near-full-length genome sequences (85.6%-99% coverage) were generated from all 13 samples (GenBank accession numbers KC810020-KC810032). The mean read depth was 423-951 reads per base (Supplementary Table 2 ). The norovirus genotyping tool (http://www.rivm.nl/mpf/norovirus/ typingtool; accessed 7 January 2013) indicated that all of the sequences are GII.4: patients A and B showed homology to Minerva_2006b, which replaced the Hunter strains in the United States and Europe in 2006 [27] . Patient C is similar to New_ Orleans_2009, which emerged as the dominant strain in the United States (in place of Minerva) [28, 29] . Patient D was infected [30] . Finally, both samples from patient E showed homology to Yerseke_2006a, which, along with Minerva, replaced the Hunter strains in Europe and the United States [27] . Of the 3 patients on the same ward, viruses from A and B grouped together into a single clade ( Figure 1B) . The viruses sampled from the other patient cluster separately support the genotyping results.
Analyses of Variation
At the consensus level, we identified 1082 sites that were polymorphic across all of the samples (846 were synonymous and 236 were nonsynonymous). These polymorphisms were distributed throughout the genome, although ORF2 showed the highest diversity: 18% of the sites were polymorphic compared with 13% in ORF1 and 16% in ORF3. Of the nonsynonymous polymorphisms in ORF2, 50% occur in the immunogenic P2 region, although there is an excess of synonymous substitutions (67 polymorphic synonymous sites compared to 40). For the patients who were multiply sampled, Figure 2A shows the amino acid variation over time. Temporal changes in the P2 region were only identified for patient A's virus, and none of these coincide with sites that have been documented as hypervariable or antigenically important, or occur in known epitopes [31] [32] [33] [34] [35] [36] [37] (although the 341 mutation is next to a site previously linked to an outbreak in 2002 [37] ). There were no substitutions in the P2 region for patient B. None of the ORF1 nonsynonymous substitutions in patients A and B occur in previously documented sites. From the longitudinal sampling, we estimated the accumulation rate of amino acid changes in the norovirus genome as 0.47, 0.31, and 0.07 amino acids per day for patients A, B, and E, respectively (0.33, 0.16, and 0.03 amino acids per day for the capsid protein only). The accumulation rates from patients A and B are greater than the rate reported previously in an immunocompromised patient [38] , although this may be due to the more frequent sampling in our study. The norovirus substitution rates for patients A, B, and E are
Transmission Between Patients A and B
From the phylogeny, patients A and B's viruses are closely linked ( Figure 1B) . Not all of the samples from the 2 patients cluster separately-fluctuations in the allele frequencies at 2 sites in patient B (571 and 1544) resulted in the consensus sequence for the second sample clustering more closely with those of patient A's virus (Figure 2A and 2B) . The virus from patient B was more heterogeneous with between 0.86% and 1.62% biallelic positions compared to between 0.34% to 0.47% in patient A. At the consensus level, the viruses from the first samples from patients A and B differed at 14 positions, of which we observed a minor allele at 9 sites. Six of these loci were in ORF1 (5 nonsynonymous substitutions), 3 synonymous loci in ORF2, and 1 nonsynonymous in ORF3 ( Figure 2B ). None of these sites coincide with previously documented sites such as RdRP active sites or antigenic sites. The minor alleles present at all 9 sites in patient B were the consensus (major) sequence in patient A. All 6 sequences from patient B had a minor allele present at 2 or more of the 9 positions.
DISCUSSION
Here, we have used next-generation sequencing of whole genomes to elucidate patterns of norovirus transmissions in a clinical setting. We analyzed samples collected from a cluster of BMT inpatients with symptoms of norovirus infection. The phylogenetic patterns observed in our study show different sources of infection for most of our patients, indicating that several strains are cocirculating among temporally linked symptomatic patients. However, 2 patients, despite being nursed in protective isolation, were infected by closely related viruses, suggesting infection from a common source or transmission. Comparison of the next-generation sequence variant data demonstrated that one patient had been infected by the other. Specifically, viral minor alleles in patient B were present as the only allele in patient A, indicating a direction of transmission from B to A. Moreover, the number of biallelic loci in patient A's samples was much lower than that of patient B, which is consistent with a population bottleneck following viral transmission. Additionally, patient B was symptomatic before A was born, lending circumstantial support. Whereas patient B's symptoms may have partly been due to concomitant gut pathology (Table 1) , patient A became symptomatic only following admission to ward 1 ( Figure 1A) , suggesting that the transmitted virus was virulent. To our knowledge, this is the first report of direct transmission of a virulent virus between 2 immunosuppressed patients. It is unlikely that transmission between patients A and B occurred through an intermediate host as this may have disrupted the variant signal showing cross-infection (due to viral changes in the intermediate host). In particular, infection in immunocompetent hosts has been associated with changes in the P2 region at sites thought to be associated with immune-driven selection [13, 32, 35] . No nonsynonymous changes were observed in P2 between the first samples from patient A and B. Diagnostic norovirus quantitative PCR carried out by the hospital (data not shown) showed contamination of the communal kitchen used by relatives of patients A and B providing a possible environment for transmission. These findings helped to target infection control resources toward improving hygiene among staff and relatives of children on ward 1.
Increased viral heterogeneity in patients with poor immune function has been postulated to act as a reservoir for new variants, some of which could contribute to further outbreaks [39] . In this study, none of the minor alleles at nonsynonymous loci within patient B and which had been transmitted to patient A occurred in previously documented sites, such as HBGA binding. Nonetheless, transmitted variants may have amino acid differences from the dominant viral strain within a donor host that, for example, alter epitopes, allowing pathogen escape from herd immunity. Interestingly, at the consensus level over the entire genome, there was an excess of synonymous site variation including in the immunogenic P2 region. Thus, despite infecting immunocompromised hosts, these viruses appear to be under purifying natural selection; that is, in the context of a virulent virus, such as the strain infecting patients A and B, nonsynonymous changes may be deleterious.
Norovirus genotyping has generally focused on the capsid gene, which has been sufficient to reconstruct phylogenetic relationships and identify linked infections [5, 40] . Although our data showed the same phylogenetic relationships for capsid and whole genome sequences (Supplementary Figure 1) , limiting our sequencing to ORF2 would have excluded 4 of the 9 sites that were informative for the direction of transmission. Longer sequences or whole genomes, which include mutations outside ORF2, also provide important phylogenetic data where outbreaks occur over short time periods or for closely related genomes [19] .
In summary, we have shown the utility of next-generation sequencing for investigating clusters of infection and highlighting routes of transmission. Variation across the genome, not just in the capsid region, provides useful information for determining direction of transmission. Whereas in this study we have used 22 preoptimized primer sets, our most recent pipeline utilizes substantially fewer primer pairs, which, when combined with bench-top sequencers, can result in turnaround times of 48 hours. This makes the method tractable for management of nosocomial norovirus infections within a clinically relevant timeframe.
